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Available online 20 September 2016The molecular mechanisms for aqueous boundary lubrication are very different from those in the classic bound-
ary lubrication, originating from the ﬂuidity of the hydration shells surrounding the surfactant and lipid
headgroups. We discuss the important molecular and structural criteria for effective aqueous boundary lubri-
cants, and highlight the strategy for reinforcing the interfacial structure for aqueous boundary lubrication via syn-
ergistic interactions between amphiphilic polymers and lipids/surfactants. It is proposed that the energetic
considerations of different molecular elastic deformations in the stalk model of cell membrane fusion can be ap-
plied to guide our design ofmolecular architectures for surfactants and lipids to implement structural integrity in
aqueous boundary lubrication. We discuss a controversy associated with the quiescent bilayer structure in the
context of boundary lubricant interfacial structures. We also highlight other effective aqueous boundary lubrica-
tion systems, including hydrated ions and biomimetic hierarchical constructs inspired by the enigmatic and ex-
tremely efﬁcient biological lubrication. Finally, we suggest that the Stribeck curvemight be re-considered in light
of recent advances in aqueous boundary lubrication, although the exact scope of this new aqueous boundary lu-
brication regime remains terra incognita.
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In classic boundary lubrication (BL) in air or oil, as ﬁrst coined by
Hardy in 1925 [1], rubbing surfaces are coated with a thin molecular
layer (e.g. surfactants or self-assembled monolayers (SAMs)), and the
plane of shear is shifted from the underlying surface to the interface be-
tween the molecular boundary layers [2•], effectively reducing friction
and wear. Aqueous boundary lubrication by simple ions, surfactants,
lipids, macromolecules, and their synergistic assemblies, as we now ap-
preciate, is as widespread and versatile as it is important and complex.
Surfactants and polymers are ubiquitous in industrial formulation
and processes, e.g. as dispersants or functional additives, and they read-
ily self-assemble at the solid–liquid interface to form various structures,
thereby playing a key role in aqueous BL. For example, in hydraulics and
metal working, aqueous lubricants are considered potentially more en-
vironmentally friendly and ﬁre resistant as compared to oil-based lubri-
cants [3]. It is also relevant to biological processes and biomedical
applications. For instance, saliva proteins and glycoproteins can form a
molecular ﬁlm called the salivary pellicle on all the tissues in the oral
cavity [4,5], and the aqueous BL the ﬁlm mediates, e.g. between the
tongue and the palate, is related to the sensory perceptions of textural
attributes during food consumption [6] and plays a role in mouthfeel/
astringency [7–9]. When the eyelid blinks over a hydrogel contact
lens, the sliding between the lens and the cornea also falls in the BL re-gime [10•], as mediated by the mucus and lipid layer at the cornea sur-
face. It has long been recognised that synovial joints, which display
remarkably low friction coefﬁcients (μ b 0.001), are lubricated in the
BL regime at least at certain stages of awalking cycle [11] by a hierarchi-
cal boundary layer of phospholipids, hyaluronic acid (HA), and glyco-
proteins, although the exact mechanisms remain enigmatic [12].
Intensive research on aqueous BL has been undertaken in the past
decade or so, with the focus on evaluating the efﬁcacy of different mo-
lecular systems as aqueous boundary lubricants, and especially on solv-
ing the mysteries of extreme lubrication in biological living systems. In
the engineering Stribeck curve plot [13], the friction coefﬁcient μ in
the BL regimewould increase quite sharply compared to that in the hy-
drodynamic regime where the surfaces are fully separated by a thin lu-
brication ﬁlm. Recent experimental advances have shown that the μ
values achievable by biomimetic boundary lubrication systems can
reach that in the hydrodynamic regime (μ ~ 0.001) or even lower [12],
with μ ~ 2 × 10−5 reported between surfaces coated with liposomes
[14•]. As we now realise, aqueous BL operates via a mechanism rather
different from that in air.2. Molecular mechanisms for aqueous boundary lubrication—shift
in the shear plane
Wright and Dowson already noted in their 1976 study that aqueous
solutions of sodium lauryl sulphate (SDS) and cetyltrimethylammonium
bromide (C16TAB) could lubricate cartilage surfaces as effectively as the
2 W.H. Briscoe / Current Opinion in Colloid & Interface Science 27 (2017) 1–8synovial ﬂuid [11]. Richards and Roberts studied friction between rubber
and glass in an SDS solution [15•], albeit attributing the lack of surfactant
ﬁlm stability to insufﬁcient electric double layer repulsion between the
surfaces. Lubricating properties of aqueous solutions of four types of an-
ionic surfactants (sodium oleﬁn sulfonate, sodium oleate, sodium
octanoate, and sodiumdodecylbenzene sulfonate) on the steel–glass con-
tact were evaluated using a macrotribometer under different pH and salt
conditions, and it was suggested that a 2–4 nm boundary layer was
formed on the surfaces [3]. Friction results using the surface force appara-
tus (SFA) between surfactant monolayers formed upon rupture of their
bilayers showed shear characteristics not dissimilar to those in classic
boundary lubrication by surfactant monolayers in air [16•]. The effects
of pH, ionic strength, and surfactant concentration on friction between
a colloidal silica probe and a silica surface in C12TAB and C16TAB solutions
were also investigated by lateral force microscopy (LFM) [17]. Up to that
point, themechanisms for aqueous boundary lubrication, particularly the
role of water, were unclear, and the interpretations were largely derived
from the knowledge of BL in air, focusing on the role of surfactant tails
and sliding at the tail–tail interface. This is perhaps best illustrated by
then widely accepted mechanism proposed by Hills [18••], which
conjectured that phospholipids formed multilayers on cartilage surfaces
and tail–tail sliding between the layers facilitated effective biolubrication,
just like that in classic BL. Hills' conjecture is still revisited quite frequently
in the literature, although as we now know that it is not correct.
Briscoe et al. [19••,20••] made an unexpected observation that, when
a pair ofmica surfaces bearing amonolayer of a double-chained cationic
surfactant N,N-dimethyl-N,N-diundecylammonium bromide (DDunAB)
were immersed in water, friction was reduced to ~1% of that in air,
whilst adhesion remained comparable to that in air. It was proposed
that, as shown schematically in Fig. 2(a) and (b), the quaternary ammo-
nium headgroups became hydrated—consistent with a layer swelling of
δD ~ 2.5 Å, greatly enhancing the lateralmolecularmobility, withmolec-
ular ﬂip-ﬂop also possibly taking place. The plane of adhesion in water
remained at themid-plane, i.e. at the interface between themonolayers.
However upon shear, sliding would take place at the hydrated sub-
strates, where the resistance to shear was the weakest. The essence of
this mechanism is that the hydrated ionic surfactant headgroup is high-
ly lubricious, underpinned by the ﬂuidity of the water molecules in its
hydration sheath [21••], facilitating the marked friction reduction ob-
served. As such, if indeed lipid multilayers do exist on cartilage surfaces
as Hills suggested [18••], the lubricationmechanismwould not be due to
the tail-sliding; instead, sliding should take place between the hydrated
lipid headgroups.
A recent molecular dynamics (MD) simulation study [22•]
has conﬁrmed that, upon shear, sliding in the Lβ’ gel phase
dipalmitoylphosphatidylcholine (DPPC) bilayer stacks occurs in the
water layers (Fig. 2(c) and (d)). However, for the Lα bilayer stacks of
dilauroylphosphatidylcholine (DLPC), the relatively more ﬂuid tails
compete with the water layers. Sliding takes place both within the
water layers, and increasingly so for the reduced hydration levels, with-
in the bilayers, i.e. between the monolayers, as indicated by the blue
dashed lines and blue arrows in Fig. 2(d). This simulation result casts
some doubts over the above hydration lubrication mechanism that
shear sliding in aqueous boundary lubrication universally takes place
at the ﬂuid hydration layer. This discrepancy however could be readily
resolved, as the simulation systems of the lipid multilayers can be
realised experimentally, e.g. by Langmuir–Blodgett deposition, drop-
casting from an organic solvent [23] or an aqueous medium [24], or
spin-coating [25] with the hydration levels tunable by careful control
of the relative humidity in an SFA.
3. Design strategy for effective aqueous boundary
lubricants—tailoring molecular architecture
Conceptually, the mechanism in Fig. 2(b) clariﬁes the roles of the
surfactant headgroups and tails in aqueous BL. That is, the cohesionbetween the tails can provide the structural integrity to facilitate hydra-
tion lubrication via the hydrated headgroups in an aqueous medium. A
key challenge for an effective aqueous boundary lubricant is thus to
maintain the outer leaﬂet of the bilayer under high compression and
pressure, so that it is not squeezed out (i.e. to suppress the hemifusion
process). Such structural integrity is most readily tuned by varying the
surfactant concentration or solution condition and the tail length.
Richards and Roberts noted that the collapse of the boundary layer in
their early rubber–glass friction in an SDS solution was related to the
SDS concentration [15•]. Ratoi and Spikes suggested that the bilayers
formed by anionic surfactants on glass and steel collapsed to form
monolayers under low shear velocities and under high load [3].
Vakarelski et al. noted that the squeeze-out pressure of their
C12TAB and C16TAB surface layers was affected by the solution pH
[17]. Silbert et al. reported that the pressure for the breakdown of
alkyltrimethylammonium chloride (CnTAC; n=14, 16, and 18) surface
layers on mica was higher for the surfactant with a longer tail, which
could retain its extremely effective lubrication (μ ~ 0.001) under a
higher load [26]. From these studies, it is clear that the collapse of the bi-
layer structure on the surfacewould lead to an increase in friction due to
the loss of the hydration lubrication mechanism mediated by the
headgroups on the outer leaﬂets. Indeed, when such structural collapse
occurs, the shear characteristics between the monolayers under water
are complex, resembling those of BL in air, such as the high friction
and the stick–slip behaviour [16•,27].
The structural integrity of the surfactant boundary lubricant layer
also depends intimately on the surfactant molecular architecture. The
double-chained surfactants seem to provide more robust surface layers
against pressure and shear as compared to the single-chained counter-
parts, due to the enhanced hydrophobic interactions between their tails
and also their innate molecular shape as characterised by a packing pa-
rameter close to 1, with a low spontaneous curvature that matches
more closely to the ﬂat substrates. This has been demonstrated by the
resistance of di-chained didodecyldimethylammonium bromide
(DDAB) bilayers against hemifusion (i.e. the removal of the outermono-
layer leaﬂet) [28•]. It is also consistent with the observation of very
effective lubrication and load-bearing properties of phospholipid bilay-
ers (DPPC, DOPC, and DLPC) [29•,30].
Accordingly, the design strategy for effective aqueous boundary
lubricants can be developed by tailoring the surfactant molecular
architecture to speciﬁc applications and also surface curvature.
Fig. 3(a) illustrates a number of different surfactant tail architectures, in-
cluding Gemini [31,32], bola [33,34], single-tailed and double-tailed
surfactants [19••,28•], and phospholipids [29•]. Conducting [35–37] and
ﬂuorinated segments [38•] can also be judiciously incorporated in the
molecular architecture, including in the Gemini spacer and tails [39]
or asymmetrically in one of the two tails of a di-chained surfactant
[40]. The spatial and chemical varieties in these architectures offer an ef-
fective molecular toolbox to tailor the boundary lubricant. A feature is
that the boundary layers can be readily self-assembled from solution,
e.g. via adsorption of monomers and micelles, or rupture of vesicles/li-
posomes in the case of phospholipids, as illustrated in Fig. 3(b) and
(c) respectively [29•]. This provides a convenient route to forming the
boundary layers, although some controversies persist regarding the
exact structural details of the surfactant and lipid layers at the solid–liq-
uid interface [41•], as discussed below.
4. Reinforcing lipid bilayers with polymers—exploring synergistic
interfacial self-assembly
Another strategy to reinforce the structural integrity of the surfac-
tant boundary layer is to incorporate polymers with speciﬁc functional-
ity that can interact synergistically with the surfactant. Blom et al.
studied boundary lubrication by surface structures self-assembled
from co-adsorption of a mixture of a di-chained DDAB surfactant and
poly(ethylene oxide) (PEO) containing 100 EO units and end-
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schematically shown in Fig. 4, it was suggested that a DDAB underlying
bilayer formed onmica, and that the hydrophobic block could be incor-
porated in the bilayer, thus anchoring the polymer. At low grafting den-
sity, the PEO polymer chains adopted a mushroom conformation and
their insertion into the DDAB bilayer compromised the bilayer integrity,
inducing hemifusion and associated high friction and stick–slip shear
instabilities. However, at high grafting density (Fig. 4(c)), the PEO
chains adopted a brush conformation evident from the Alexander–de
Gennes type interactions mediated by polymer brushes [42–44••]
between the PEO layers. This structural reinforcement was further
demonstrated by Drummond et al. [45••], where hemifusion between
bilayers of a 12-3-12-3-12-trimeric surfactant (methyldodecylbis[3-
(dimethyldodecylammonio) propyl]ammonium tribromide), a cationic
oligomeric surfactant with dodecyl ammonium moieties connected at
the ammonium groups by propyl chains, was suppressed by co-
adsorption with a poly(acrylic acid)-poly(acrylamide) (PAA-PAM). It
was postulated that the negatively charged PAA block adsorbed atop
the underlying cationic bilayers, shielding them sterically and
preventing hemifusion and sustaining low friction. The synergistic na-
ture of this process should be appreciated, as conversely it can provide
a self-assembly mechanism to anchor polymer chains to the surface. It
should be noted that such a lubrication synergy is not always observed.
For instance, adsorption of negatively charged hyaluronic acid (HA)
atop a cationic bilayer led to possible bridging between the surfaces,
resulting in an increased friction [46]. Overall, aqueous BL mediated by
the boundary layers formed by co-assembly or complexation of poly-
mers (particularly polyelectrolytes)–surfactants at the solid–water in-
terface [47••] remains underexplored. Dedinaite et al. observed low
friction mediated by polyelectrolyte–surfactant layers, but also
reporting intricate structural rearrangement in the layer upon loading
[48•]. A number of parameters could be tuned to control and optimise
the boundary layer structure, such as the polymermolecularweight, ar-
chitecture, charge density, concentration, aswell as the parameters that
characterise surfactants (Fig. 3(a)). A further promising boundary layer
system that could present structural synergy (i.e. producing hydrated
and load-bearing layers) involves lipid bilayers cushioned by underly-
ing polyelectrolyte multilayers (PEM) [49], a system of which the lubri-
cation properties also remain to be fully explored.
5. Insights frommembrane fusion
Membrane fusion is fundamental to biology and considerable effort
has been made to improve our understanding of this process. A widely
accepted framework is the stalk model (Fig. 5; left panel) [50••,51–53,
54••,55,56], which idealises the fusion process, in essence, as follows
(which has been observed using an SFA [57•]). The contact proximal
monolayers could overcome the headgroup hydration repulsion and
merge to form a stalk which is concentrically symmetric with the
shape of an hour glass. The stalk then expands radially, as the distal
monolayers nibble in to form the transmembrane contact (TMC) before
proceeding to pore formation and full fusion. In the context of aqueous
BL, the molecular deformations involved in hemifusion (i.e. removal of
the outer leaﬂet in the supported bilayer) and full fusion (i.e. removal
of the ﬁnal monolayers) are energetically analogous to those in the bio-
logical membrane fusion process [58•]. Thus, we could gain valuable in-
sights from the energetic considerations in the stalk model of
membrane fusion, when we pursue our molecular architecture design
of the aqueous boundary layers to achieve stupendous structural integ-
rity for load bearing capacity by effective lubricants.
This structural integrity originates from the membrane bending,
which in turn derives from molecular deformations, as schematically
shown in themiddle and right panels in Fig. 5. That is, it costs elastic en-
ergy for the molecules to deform in the fusion process, as characterised
by a bendingmodulus κb and a tilt modulus κt. κb describes themolecu-
lar deformations of gradient tilt and pure bending, in which the cross-section of the lipidmolecule is under shear. κt is associatedwith themo-
lecular deformations of constant tilt, in which the lipid molecule is
stretched along its length with its cross-section area unaltered. These
deformations all lead to conﬁgurational entropic loss, and thus are
unfavourable—which is the origin of the energetic cost for membrane
fusion.
Both the bending modulus κb and the tilt modulus κt are intimately
related to the lipid molecular architecture, i.e. any chemical and spatial
incompatibilities in the varied architectures (Fig. 3(a)) could be evaluat-
ed in terms of these elastic constants, thus guiding the molecular archi-
tectural design for effective aqueous boundary lubricants.
6. Quiescent bilayers vs. surface aggregates
Understanding the characteristics of adsorbed surfactant structures
at the solid–liquid interface and their properties is important to the in-
terpretation of the molecular mechanisms underpinning aqueous BL
and to designing robust molecular boundary layers. However, despite
intensive research in the past decade, the morphology and structure of
the self-assembled surfactant aggregates at the solid–water interface re-
main controversial. Wewill refer to one of themost extensively studied
surfactants, CnTABs, to illustrate this issue. The CnTAB adsorption at
solid–liquid interface has been characterisedwith a number of different
experimental techniques, including AFM [59,60••,61••,62–73], SFA
[74•,75,76••,77•,78–80], neutron reﬂectivity (NR) [73,81•,82–84], optical
reﬂectivity (OR) [72,85], ellipsometry [86,87], calorimetry [88,89], Fou-
rier transform infrared (FTIR) spectroscopy [90,91], sum frequency gen-
eration spectroscopy (SFG) [92], X-ray photoelectron spectroscopy
(XPS) [93], X-ray reﬂectivity (XRR on mica) [41•,94], and simulation
studies [95,96••,97–99]. Some example structures proposed from these
studies are shown in Fig. 6 for comparison.
Earlier SFA measurements assumed a bilayer or bilayer-like struc-
ture formed by the surfactant at the mica–water interface [74•,75,76••,
77•,78–80]. Comprehensive NR results suggest similar bilayer or
bilayer-like structures at the silica–water interface, and a C16TAB bilayer
on rough silica is schematically shown in Fig. 6(a) [81•]. Such a bilayer
structure has also been conﬁrmed at the mica–water interface using
NR [100•]. Using a “bending mica” method [94,101] and employing
XRR, Speranza et al. [41•] reported recently that the CnTAB (n = 10,
12, 14, and 16) bilayer thickness experienced a maximum at ~cmc
(Fig. 6(f)), corresponding to a densely packed, tilted surfactant confor-
mation (Fig. 6(g)). Above the cmc, the surfactant would desorb and
the layer would become more ﬂuid. This bilayer thickness maximum
has also been conﬁrmed byNR on silica for several other types of surfac-
tants [102•]. This general ﬁnding is signiﬁcant in terms of its implication
to the boundary lubricant layer, as it contradicts with the conventional
wisdom that the surface layer would become more densely packed as
the surfactant concentration is increased above the cmc.
It is interesting to note that C16TAB multilayer structures have
also been suggested on fumed silica nanoparticles of 12–14 nm in diam-
eter from temperature-modulated differential scanning calorimetry
(TMDSC), thermogravimetric analysis (TGA), and FTIR analysis [103]
(Fig. 6(b)), pointing to the possible role of both the substrate surface
chemistry and curvature on the boundary layer structure, although sim-
ilar ﬁndings are yet to emerge to verify this.
In contrast, AFM imaging suggests a variety of surface morphologies
(e.g. spheres and cylinders) which are dependent on a wide range of
experimental parameters (e.g. concentration, time, and pH) on both
mica and silica. Fig. 6(c) and (d) show full C16TAB cylinders of diameter
~7 nmonmica as an example [61••]. We refer to Ref. [41•] for amore de-
tailed discussion on this structural discrepancy between from AFM im-
aging and other techniques.
Recent computer simulation studies have also examined the molec-
ular organisation of soft matter structures adsorbed on hydrophilic
surfaces. Johnson and Nagarajan [96••] modelled the self-assembly of
the cationic C12TAB at the solid–liquid interface. They suggested the
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with the hydrophilic surface. On top of this monolayer, hemispheres,
hemicylinders, or another monolayer with opposite molecular orienta-
tion were observed (Fig. 6(e)). The energies required for the formation
of such composite structures were lower than the energies for the full+ + + + + + + + + +
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Fig. 2. (a) In classic boundary lubrication (BL), the plane of adhesion and shear lies at the inte
hydrated, giving rise to a small swelling of δD ~ 2.5 Å and greatly enhancing surfactant lateral
molecules would turn over. In this case, the plane of adhesion is at the mid-plane, giving ris
either of the interfaces between the headgroups and the substrates decorated with molecular
nW/L water molecules per lipid). From left to right: DPPC Lβ' gel phase at 293 K nW/L = 12, a
shear forces are applied to the outer monolayers at constant normal pressure. (d) Vertical pr
as a function of the height of the bilayers in (c). The planes of shear are indicated by the blue
layers, and for DLPC Lα ﬂuid phase, shear occurs within the water layers and, increasingly
Adapted with permission from (Botan A, Joly L, Fillot N, Loison C. Mixed mechanism of lubrica
Chemical Society.cylinders or full spheres. These simulation studies are in agreement
with the XRR, NR, and OR studies, but contrast with the organisation
of surfactant aggregates observed from AFM imaging.
Speranza et al. [41•] suggested that this discrepancy might be ex-
plained by AFM scanning inducing aggregate formation, as supported
by a recent AFM study of hexadecyltrimethylammonium chloride
(C16TAC) surfactants on gold surfaces [104]. The essence of this sugges-
tion is that the normal force Fn and lateral force Fs exerted at the surfac-
tant layers by the scanning nano-tip, could induce the formation of
surface aggregates (e.g. cylinders of radius R and length L; Fig. 7) from
ﬂat bilayers. Speranza et al. estimated the bending energy Eb required
for bilayer-to-cylinder transformation as [105] Eb ~ πkcL/R, where kc is
the elastic bending constant of a lipid bilayer of order 10−20 J [105].
This bending energy Eb is approximated to thework doneΔW by the ap-
plication of a force f over the length L, and thus the force required to fa-
cilitate this bilayer-to-cylinder transformation is f= d(ΔW)/dL ~ πkc/R.
Assuming R ~ 2 nm, this gives f ~ 20 pN or of that order, well below the
typical values of the forces (Fn and Fs) experienced in the application of
AFM imaging which are in the range of 100 pN or above. Thus, it is fea-
sible that the scanning AFM tipwould “perturb” the conformation of the
surfactant surface layers.
This suggestion that the bilayer structure observed by XRR andNR is
the intrinsic, unperturbed—thus “quiescent”—bilayer, whilst the surface
aggregates observed by AFM imaging are induced, is controversial but
important. Not only does it raise the question of how we can control
themolecular packing and structural integrity in the boundary lubricant
layer (Fig. 6(e) and (f)) but also invites further input from the AFMcom-
munity, which is heavily relied upon to characterise the morphology
and structure of the boundary lubricant layers.+
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With enlightened understanding of the molecular mechanisms for
aqueous boundary lubrication [19••,20••], it is clear that there are two
criteria for an effective aqueous lubricant. First, it should be endowed
with a water-loving moiety, as effective lubrication under water origi-
nates from the ﬂuidity of the hydration layer associatedwith the hydro-
philic groups, e.g. the headgroups in the case of surfactants and lipids.
Second, it should promote the structural integrity that is essential for
loading bearing, preventing the hydrophilic groups from being
squeezed out.We have focused our discussions on lipids and surfactants
here—which can be readily self-assembled at the solid–liquid interface,
and the how their molecular architecture could be tailored to meet the
above criteria. We have also discussed reinforcement of lipid boundary
layers via synergistic interactions with amphiphilic polymers. We have
noted the areas that present opportunities for further investigations, in-
cluding lubrication by lipidmultilayers and PEM-cushioned bilayers; lu-
brication by surfactants and lipids between hydrophobic surfaces also
remains under explored. The stalkmodel ofmembrane fusion is recom-
mended as a framework to guide energetic considerations in
implementing different surfactant and lipid molecular architectural de-
signs. We have also discussed a controversy relating to themorphology
and characteristics of self-assembled interfacial structures by
surfactants—pertinent to considerations of these interfacial constructs
as effective boundary lubricants, suggesting that unperturbed quiescent
bilayers might be induced to transform into aggregates as observed inSemiF
Co
n
du
ct
ive
Single-
chained
Double-chained Gemini Bola (a)
(b) (c)
Fig. 3. (a) Differentmolecular architectures of surfactants and lipids, including ﬂuorinated
(SemiF) or conductive segments that could be incorporated in the tails, whilst the
headgroups could be cationic, anionic, zwitterionic, or neutral. Surface bilayers could be
formed by self-assembly from a micellar solution (b) or from surface-induced rupture of
liposomes or vesicles in the case of lipids (c). For (b) and (c): Adapted from Tribol Int.
2011, 44, Corneci MC, Dekkiche F, Trunﬁo-Sfarghiu AM, Meurisse MH, Berthier Y, Rieu
JP. Tribological properties of ﬂuid phase phospholipid bilayers, 1959–68, Copyright
(2011), with permission from Elsevier.AFM imaging. Along with an observed structural transformation at
~cmc [41•,102•], it demonstrates the richness of the surfactant self-
assembly behaviour at the solid–liquid interface—and it is likely to re-
main controversial and thus invites future input from experimentalists,
theorists, and simulators.
Can other hydrated interfacial constructs or moieties serve as effec-
tive aqueous boundary lubricants? Klein has estimated that a hydrated
monovalent ion might well support a pressure up to 1 GPa [106••], and
identiﬁed the viscous loss mechanism in the subnanometre hydration
shells of conﬁned monovalent ions [107•]. Nanotribology measure-
ments using LFM showed that the lubrication efﬁcacy of hydrated
monovalent cations could be related to their hydration tendency: small-
er ions could accommodate more water molecules and thus lubricate
better [108•]. However, this correlation did not hold for divalent cations;
instead, it was the fast exchange dynamics ofwatermolecules in the hy-
dration shell of a divalent cation with the bulk water that would give a
clue to its lubrication efﬁcacy [109]. For anions, a possible correlation
was found between the anion friction reduction and the Hofmeister se-
ries [8]—which itself remains unexplained. Lubrication by ions thus re-
mains an important and open area, as it is intricately related to the
ﬂuidity of the hydration shell around hydrophilic moieties, which un-
derpins the mechanism of aqueous boundary lubrication [19••,20••]
and is fundamentally connected with the ﬂuidity of highly conﬁned
water—a topic that excites and polarises colleagues in equal measure
(e.g. [21••] vs. [110]).
Nanoparticles and their dispersions (called nanoﬂuids [111•]) have
been increasingly incorporated in modern formulations, although we
remain uncomfortable with the lack of the understanding of their bio-
logical and environmental impact [58•]. It is known that the size,
shape, and surface chemistry of the nanoparticles dispersed in both
aqueous and non-aqueous media can be readily tailored to mediate de-
sired surface forces [111•,112•], and they can also be deposited or incor-
porated at the surface to endow well-deﬁned nanotextures to control
friction (e.g. [113,114•,115] and references therein). However, how
nanoﬂuids can be synergistically combined with polymers and sur-
faces/lipids to mediate effective aqueous boundary lubrication remains
to be fully explored.
In the macromolecular domain, boundary lubrication operates very
handsomely indeed [12,116••]. In fact, the extremely efﬁcient boundary
lubrication in biological living systems (μ b 0.001) has long puzzled us,
and it has also inspired several biomimetic polymeric aqueous boundary
lubricants, notably polyzwitterionic brushes [44••] and bottle-brush(a)
(b)
(c)
Mushroom
Brush
Fig. 4. Reinforcing lipid bilayers (a) with hydrophilic polymers (in this case, end-
functionalised with a short hydrophobic segment) as a strategy to improve the
structural integrity. (b) At low density, the polymers adopt a mushroom conformation,
compromising the bilayer structural integrity. (c) At high density, the polymer chains
adopt a brush conformation, providing a steric barrier and strengthening the bilayer.
Adapted with permission from (Blom A, Drummond C, Wanless EJ, Richetti P, Warr GG.
Surfactant boundary lubricant ﬁlm modiﬁed by an amphiphilic diblock copolymer.
Langmuir. 2005;21:2779–88). Copyright (2005) American Chemical Society.
Gradient tilt Pure bending
bending modulus b
Constant tilt
tilt modulus tκκ
θ
Fig. 5. Left: The stalk model of membrane fusion. Adapted from Siegel DP, Epand
RM. The mechanism of lamellar-to-inverted hexagonal phase transitions in
phosphatidylethanolamine: Implications for membrane fusion mechanisms. Biophys J.
1997;73:3089–111, Copyright (1997), with permission from Elsevier. A stalk (left
middle) with the shape of an hourglass forms between the proximal monolayers in
contact. The distal monolayers then nibble in to form a transmembrane contact (TMC,
bottom left), and its subsequent expansion leads to the full membrane fusion. The
elastic energy cost associated with the local curvature r and r3 as denoted originates
from the molecular deformation in the process, and is characterised by a bending
modulus κb for gradient tilt and pure bending (middle), and a tilt modulus κt for
constant tilt (right).
R
L
Fig. 7. A quiescent bilayer can be induced to transform into a cylinder by a scanning AFM
nano-tip. The force required is estimated to be as low as 20 pN, which is much lower than
that exerted on the surface structure by an AFM tip in imaging (see the text for details).
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architecture of mucin or lubricin, a glycoprotein implicated in
biolubrication [120]. However, it is becoming increasingly appreciated
that it is the supramolecular synergy [121•,122] between several of thet
< cmc ~ cmc >
(a) (b)
(c) (d)
(f)
Fig. 6. The structure and morphology of surfactants self-assembled at the solid–liquid interface
rough silica by neutron reﬂectivity (NR); (b) multilayers of C16TAB on 12–14 nm silica nanop
diameter ~7 nm on mica as revealed by contact mode AFM imaging; (e) energetically favour
computer simulations; (f) the “quiescent” bilayer structure (without being perturbed by a
concentration as revealed by XRR and NR; and (g) the tilted conformation of the quiescent Cn
G, Thomas RK, Rennie AR, Penfold J. Neutron reﬂection from hexadecyltrimethylammonium
Copyright (1996) American Chemical Society. (b) Adaptedwith permission from (Zhang T, XuG
J Phys Chem C. 2012;116:11,626–34). Copyright (1996) American Chemical Society. (c
hexadecyltrimethylammonium bromide to mica: nanometre-scale study of binding-site comp
(e) Adapted fromColloids Surf A, 2000, 167(1–2), 37–46, R.A. Johnson and R. Nagarajan,Modelli
(2000), with permission from Elsevier.biolubricants previously implicated, such as phospholipids [123], HA,
lubricin or mucin [124], superfacial zone protein (SZP), and aggrecan,
rather than their heroic individuals that is responsible [125•,126]. It is im-
portant to point out that the physiology of the outermost cartilage
layer—the lamina splendens—remains unclear [116••,127]. Progress must
bemade so that our conceptual design to understand, mimic, and some-
times repair and replace this ingenious biological construct is au fait,
rather than ignotum per æque ignotum. It is thus fair to comment thatHemisphere
Hemicylinder
Bilayer
 cmc
(e)
(g)
remain controversial. Some different structures proposed include: (a) C16TAB bilayer on
articles from TMDSC, TGA, and FTIR measurements; (c) and (d) full C16TAB cylinders of
able conformations of surface aggregates (hemisphere, hemicylinder, and bilayer) from
n AFM scanning tip) showing a bilayer thickness t maximum at ~cmc surfactant bulk
TAB bilayer at the cmc. Acknowledgement: (a) Adapted with permission from (Fragneto
bromide adsorbed on smooth and rough silicon surfaces. Langmuir. 1996;12:6036–43.)
, Puckette J, Blum FD. Effect of silica on the structure of cetyltrimethylammoniumbromide.
) and (d) Adapted with permission from (Ducker WA, Wanless EJ. Adsorption of
etition effects. Langmuir. 1999;15:160–8). Copyright (1999) American Chemical Society.
ng self-assembly of surfactants at solid–liquid interfaces. II. Hydrophilic surfaces, Copyright
7W.H. Briscoe / Current Opinion in Colloid & Interface Science 27 (2017) 1–8the intimate details of thewet and slipperymechanisms in biolubrication
remain enigmatic, and will continue to whet our scientiﬁc appetite.
As a closure, we return to the century-old Stribeck curve in Fig. 1, which
has summedup our previous conventionalwisdomon different lubrication
regimesandwhich continues to guideus in engineeringand tribological de-
signs. In light of the recent advances in aqueous boundary lubrication,
exhibiting a friction coefﬁcient in the range of μ ~ 0.01–0.001 or below
when in full operation, it is tempting to re-scope the aqueous boundary lu-
brication regime (the hatched region in Fig. 1), although its exact shape and
scope is yet to be fully established—thus indeed still terra incognita.
Acknowledgments
I am indebted to J. Klein, S. Titmuss, S. Perkin, I. Dunlop,M. Chen, R.K.
Thomas, F. Tiberg, G. Pilkington, P. Cresswell, F. Speranza, P. Claesson, T.
Snow, J. Berge, K. Lange, and J. Bartenstein for many helpful discussions.
T. Dane is thanked for creating the 3D images in Fig. 7. Funding from the
Engineering and Physical Science Research Council (EPSRC; EP/
H034862/1), the Royal Society and the European Research Council
(ERC), Taiho Kogyo Tribology Research Foundation (TTRF), the
European for Cooperation in Science and Technology (CMST COST) Ac-
tion CM1101, and the Marie Curie Initial Training Network (MC-ITN)
NanoS3 (Grant No. 290251) is gratefully acknowledged.
References and recommended reading•,••
[1] Hardy W, Bircumshaw I. Bakerian lecture—boundary lubrication—plane surfaces
and the limitations of Amontons' law. Proc R Soc Lond A Conta 1925;108:1–27.
[2•] Briscoe BJ, Evans DCB. The shear properties of Langmuir–Blodgett layers. Proc R Soc
Lond A Math Phys Eng Sci 1982;380:389 [&].
[3] Ratoi M, Spikes HA. Lubricating properties of aqueous surfactant solutions. Tribol
Trans 1999;42:479–86.
[4] Bradway SD, Bergey EJ, Jones PC, Levine MJ. Oral mucosal pellicle—adsorption and
transpeptidation of salivary components to buccal epithelial-cells. Biochem J 1989;
261:887–96.
[5] Yakubov GE, Macakova L, Wilson S, Windust JHC, Stokes JR. Aqueous lubrication by
fractionated salivary proteins: synergistic interaction of mucin polymer brush with
low molecular weight macromolecules. Tribol Int 2015;89:34–45.
[6] Malone ME, Appelqvist IAM, Norton IT. Oral behaviour of food hydrocolloids and
emulsions. Part 1. Lubrication and deposition considerations. Food Hydrocolloid
2003;17:763–73.
[7] Breslin PAS, Gilmore MM, Beauchamp GK, Green BG. Psychophysical evidence that
oral astringency is a tactile sensation. Chem Senses 1993;18:405–17.
[8] Garrec DA, Norton IT. Boundary lubrication by sodium salts: a Hofmeister series ef-
fect. J Colloid Interface Sci 2012;379:33–40.
[9] Ma SH, Lee H, Liang YM, Zhou F. Astringent mouthfeel as a consequence of lubrica-
tion failure. Angew Chem Int Ed 2016;55:5793–7.
[10•] Dunn AC, Tichy JA, Uruena JM, Sawyer WG. Lubrication regimes in contact lens
wear during a blink. Tribol Int 2013;63:45–50.
[11] Wright V, Dowson D. Lubrication and cartilage. J Anat 1976;121:107–18.
[12] Jahn S, Klein J. Hydration lubrication: the macromolecular domain. Macromole-
cules 2015;48:5059–75.
[13] Stribeck R. Fundamental characteristics of the friction bearing and the roller bear-
ing. Z Ver Dtsch Ing 1902;46:1341–8.
[14•] Sorkin R, Kampf N, Dror Y, Shimoni E, Klein J. Origins of extreme boundary lubrica-
tion by phosphatidylcholine liposomes. Biomaterials 2013;34:5465–75.
[15•] Richards SC, Roberts AD. Boundary lubrication of rubber by aqueous surfactant.
J Phys D Appl Phys 1992;25:A76–80.
[16•] Drummond C, Israelachvili J, Richetti P. Friction between two weakly adhering
boundary lubricated surfaces in water. Phys Rev E 2003;67.
[17] Vakarelski IU, Brown SC, Rabinovich YI, Moudgil BM. Lateral force microscopy in-
vestigation of surfactant-mediated lubrication from aqueous solution. Langmuir
2004;20:1724–31.
[18••] Hills BA. Boundary lubrication in vivo. Proc Inst Mech Eng H 2000;214:83–94.
[19••] BriscoeWH, Titmuss S, Tiberg F, Thomas RK,McGillivray DJ, Klein J. Boundary lubri-
cation under water. Nature 2006;444:191–4.
[20••] Briscoe WH, Klein J. Friction and adhesion hysteresis between surfactant mono-
layers in water. J Adhes 2007;83:705–22.
[21••] Raviv U, Laurat P, Klein J. Fluidity of water conﬁned to subnanometre ﬁlms. Nature
2001;413:51–4.
[22•] Botan A, Joly L, Fillot N, Loison C. Mixed mechanism of lubrication by lipid bilayer
stacks. Langmuir 2015;31:12197–202.
[23] Constantin D, Ollinger C, Vogel M, Salditt T. Electric ﬁeld unbinding of solid-
supported lipid multilayers. Eur Phys J E 2005;18:273–8.• of special interest.
•• of outstanding interest.[24] Sironi B, Snow T, Redeker C, Slastanova A, Bikondoa O, Arnold T, et al. Structure of
lipid multilayers via drop casting of aqueous liposome dispersions. Soft Matter
2016;12:3877–87.
[25] Mennicke U, Salditt T. Preparation of solid-supported lipid bilayers by spin-coating.
Langmuir 2002;18:8172–7.
[26] Silbert G, Kampf N, Klein J. Normal and shear forces between charged solid surfaces
immersed in cationic surfactant solution: the role of the alkyl chain length. Lang-
muir 2014;30:5097–104.
[27] Zhang J, Meng YG. Stick–slip friction of stainless steel in sodium dodecyl sulfate
aqueous solution in the boundary lubrication regime. Tribol Lett 2014;56:543–52.
[28•] Blom A, Drummond C,Wanless EJ, Richetti P,Warr GG. Surfactant boundary lubricant
ﬁlm modiﬁed by an amphiphilic diblock copolymer. Langmuir 2005;21:2779–88.
[29•] Corneci MC, Dekkiche F, Trunﬁo-Sfarghiu AM, Meurisse MH, Berthier Y, Rieu JP.
Tribological properties of ﬂuid phase phospholipid bilayers. Tribol Int 2011;44:
1959–68.
[30] Trunﬁo-Sfarghiu AM, Berthier Y, Meurisse MH, Rieu JP. Role of nanomechanical
properties in the tribological performance of phospholipid biomimetic surfaces.
Langmuir 2008;24:8765–71.
[31] Menger FM, Littau CA. Gemini surfactants—synthesis and properties. J Am Chem
Soc 1991;113:1451–2.
[32] Zana R. Dimeric (gemini) surfactants: effect of the spacer group on the association
behavior in aqueous solution. J Colloid Interface Sci 2002;248:203–20.
[33] Fuoss RM, Edelson D. Bolaform electrolytes. 1. Di-(beta-trimethylammonium ethyl)
succinate dibromide and related compounds. J Am Chem Soc 1951;73:269–73.
[34] Bandyopadhyay P, Bharadwaj PK. Spontaneous formation of vesicles by a cryptand-
based bola-amphiphile. Langmuir 1998;14:7537–8.
[35] Unsal H, Aydogan N. Formation of chiral nanotubes by the novel anthraquinone
containing-achiral molecule. J Colloid Interface Sci 2013;394:301–11.
[36] Dane TG, Cresswell PT, Pilkington GA, Lilliu S, Macdonald JE, Prescott SW, et al.
Oligo(aniline) nanoﬁlms: from molecular architecture to microstructure. Soft Mat-
ter 2013;9:10501–11.
[37] Dane TG, Cresswell PT, Bikondoa O, Newby GE, Arnold T, Faul CFJ, et al. Structured
oligo(aniline) nanoﬁlms via ionic self-assembly. Soft Matter 2012;8:2824–32.
[38•] Kondo Y, Yoshino N. Hybrid ﬂuorocarbon/hydrocarbon surfactants. Curr Opin
Colloid Interface 2005;10:88–93.
[39] R.K. Thomas, personal communication, 2005.
[40] Aydogan N, Uslu B, Tanaci H. Biophysical investigation of the interfacial properties
of cationic ﬂuorocarbon/hydrocarbon hybrid surfactant: mimicking the lung sur-
factant protein C. J Colloid Interface Sci 2011;360:163–74.
[41•] Speranza F, Pilkington GA, Dane TG, Cresswell PT, Li PX, Jacobs RMJ, et al. Quiescent
bilayers at the mica–water interface. Soft Matter 2013;9:7028–41.
[42] Dunlop IE, Briscoe WH, Titmuss S, Sakellariou G, Hadjichristidis N, Klein J. Interac-
tions between polymer brushes: varying the number of end-attaching groups.
Macromol Chem Phys 2004;205:2443–50.
[43] Titmuss S, Briscoe WH, Dunlop IE, Sakellariou G, Hadjichristidis N, Klein J. Effect of
end-group sticking energy on the properties of polymer brushes: comparing ex-
periment and theory. J Chem Phys 2004;121:11408–19.
[44••] Chen M, Briscoe WH, Armes SP, Klein J. Lubrication at physiological pressures by
polyzwitterionic brushes. Science 2009;323:1698–701.
[45••] Drummond C, Marinov G, Richetti P. Reinforcement of a surfactant boundary lubricant
ﬁlm by a hydrophilic–hydrophilic diblock copolymer. Langmuir 2008;24:1560–5.
[46] Tadmor R, Chen NH, Israelachvili J. Normal and shear forces betweenmica andmodel
membrane surfaces with adsorbed hyaluronan. Macromolecules 2003;36:9519–26.
[47••] Bain CD, Claesson PM, Langevin D, Meszaros R, Nylander T, Stubenrauch C, et al.
Complexes of surfactants with oppositely charged polymers at surfaces and in
bulk. Adv Colloid Interface 2010;155:32–49.
[48•] Dedinaite A, Pettersson T, Mohanty B, Claesson PM. Lubrication by organized soft
matter. Soft Matter 2010;6:1520–6.
[49] Wlodek M, Szuwarzynski M, Kolasinska-Sojka M. Effect of supporting polyelectro-
lyte multilayers and deposition conditions on the formation of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine/1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine lipid bilayers. Langmuir 2015;31:10484–92.
[50••] Markin VS, Kozlov MM, Borovjagin VL. On the theory of membrane-fusion—the
stalk mechanism. Gen Physiol Biophys 1984;3:361–77.
[51] Chernomordik LV, Kozlov MM, Melikyan GB, Abidor IG, Markin VS, Chizmadzhev
YA. The shape of lipid molecules and monolayer membrane-fusion. Biochim
Biophys Acta 1985;812:643–55.
[52] Leikin SL, Kozlov MM, Chernomordik LV, Markin VS, Chizmadzhev YA. Membrane-
fusion—overcoming of the hydration barrier and local restructuring. J Theor Biol
1987;129:411–25.
[53] KozlovMM, Leikin SL, Chernomordik LV, Markin VS, Chizmadzhev YA. Stalkmechanism
of membrane-fusion—mixing of water contents. Biol Membr 1987;4:96–107.
[54••] Kozlov MM, Leikin SL, Chernomordik LV, Markin VS, Chizmadzhev YA. Stalk mech-
anism of vesicle fusion—intermixing of aqueous contents. Eur Biophys J Biophys
1989;17:121–9.
[55] Siegel DP. The modiﬁed stalk mechanism of lamellar/inverted phase transitions
and its implications for membrane fusion. Biophys J 1999;76:291–313.
[56] Siegel DP, Epand RM. The mechanism of lamellar-to-inverted hexagonal phase
transitions in phosphatidylethanolamine: implications for membrane fusion
mechanisms. Biophys J 1997;73:3089–111.
[57•] Horn RG. Directmeasurement of the force between 2 lipid bilayers and observation
of their fusion. Biochim Biophys Acta 1984;778:224–8.
[58•] Beddoes CM, Case CP, Briscoe WH. Understanding nanoparticle cellular entry: a
physicochemical perspective. Adv Colloid Interface 2015;218:48–68.
[59] Liu JF, Ducker WA. Surface-induced phase behavior of alkyltrimethylammonium bromide
surfactants adsorbed to mica, silica, and graphite. J Phys Chem B 1999;103:8558–67.
[[
8 W.H. Briscoe / Current Opinion in Colloid & Interface Science 27 (2017) 1–8[60••] Manne S, Gaub HE. Molecular organization of surfactants at solid–liquid interfaces.
Science 1995;270:1480–2.
[61••] DuckerWA,Wanless EJ. Adsorption of hexadecyltrimethylammonium bromide tomica:
nanometer-scale study of binding-site competition effects. Langmuir 1999;15:160–8.
[62] Lamont RE, DuckerWA. Surface-induced transformations for surfactant aggregates.
J Am Chem Soc 1998;120:7602–7.
[63] Sharma BG, Basu S, Sharma MM. Characterization of adsorbed ionic surfactants on
a mica substrate. Langmuir 1996;12:6506–12.
[64] Patrick HN, Warr GG, Manne S, Aksay IA. Surface micellization patterns of quater-
nary ammonium surfactants on mica. Langmuir 1999;15:1685–92.
[65] Zhao F, Du Y, Yang P, Li X, Tang J. Adsorption behavior of
hexadecyltrimethylammonium bromide (CTAB) to mica substrates as observed
by atomic force microscopy. Sci China Ser B Chem 2005;48.
[66] CaoMW,Wang XL. Direct observation and distinction of the inner/outer layers of surfac-
tant bilayer formed at the solid/solution Interface. J Dispers Sci Technol 2010;31:38–43.
[67] Teschke O, Ceotto G, de Souza EF. Imaging of soft structures: dependence of con-
trast in atomic force microscopy images on the force applied by the tip. J Vac Sci
Technol B 2000;18:1144–50.
[68] Han W. Probe three-dimensional structure of soft organized surfactants at solid–
liquid interface with an AFM in MAC mode and contact mode. Ultramicroscopy
2008;108:1009–12.
[69] Blom A, Duval FP, Kovacs L, Warr GG, Almgren M, Kadi M, et al. Direct visualization
of mesh structures at solid/solution interfaces by atomic force microscopy. Lang-
muir 2004;20:1291–7.
[70] See CH, O'Haver JH. Two-dimensional phase transition of styrene adsolubilized in
cetyltrimethylammonium bromide admicelles on mica. Colloids Surf A
Physicochem Eng Asp 2004;243:169–83.
[71] Li BY, Fujii M, Fukada K, Kato T, Seimiya T. In situ AFMobservation of heterogeneous
growth of adsorbed ﬁlm on cleaved mica surface. Thin Solid Films 1998;312:20–3.
[72] Velegol SB, Fleming BD, Biggs S, Wanless EJ, Tilton RD. Counterion effects on
hexadecyltrimethylammonium surfactant adsorption and self-assembly on silica.
Langmuir 2000;16:2548–56.
[73] Schulz JC, Warr GG, Butler PD, Hamilton WA. Adsorbed layer structure of cationic
surfactants on quartz. Phys Rev E 2001;63.
[74•] Kékicheff P, Christenson HK, Ninham BW. Adsorption of cetyltrimethylammonium
bromide to mica surfaces below the critical micellar concentration. Colloids Surf
1989;40:31–41.
[75] Richetti P, Kekicheff P. Direct measurement of depletion and structural forces in a
micellar system. Phys Rev Lett 1992;68:1951–4.
[76••] HelmCA, Israelachvili JN,McGuiggan PM.Molecularmechanisms and forces involved
in the adhesion and fusion of amphiphilic bilayers. Science 1989;246:919–22.
[77•] Israelachvili JN, Pashley RM. Measurement of the hydrophobic interaction between
2 hydrophobic surfaces in aqueous-electrolyte solutions. J Colloid Interface Sci
1984;98:500–14.
[78] Pashley RM, Ninham BW. Double-layer forces in ionic micellar solutions. J Phys
Chem 1987;91:2902–4.
[79] Pashley RM, Israelachvili JN. A comparison of surface forces and interfacial proper-
ties of mica in puriﬁed surfactant solutions. Colloids Surf 1981;2:169–87.
[80] Pashley RM, McGuiggan PM, Horn RG, Ninham BW. Forces between bilayers of
cetyltrimethylammonium bromide in micellar solutions. J Colloid Interface Sci
1988;126:569–78.
[81•] Fragneto G, Thomas RK, Rennie AR, Penfold J. Neutron reﬂection from
hexadecyltrimethylammonium bromide adsorbed on smooth and rough silicon
surfaces. Langmuir 1996;12:6036–43.
[82] Rennie AR, Lee EM, Simister EA, Thomas RK. Structure of a cationic surfactant layer
at the silica water interface. Langmuir 1990;6:1031–4.
[83] Penfold J, Tucker I, Petkov J, Thomas RK. Surfactant adsorption onto cellulose sur-
faces. Langmuir 2007;23:8357–64.
[84] McDermott DC, McCarney J, Thomas RK, Rennie AR. Study of an adsorbed layer of
hexadecyltrimethylammonium bromide using the technique of neutron reﬂection.
J Colloid Interface Sci 1994;162:304–10.
[85] Pagac ES, Prieve DC, Tilton RD. Kinetics and mechanism of cationic surfactant ad-
sorption and coadsorption with cationic polyelectrolytes at the silica–water inter-
face. Langmuir 1998;14:2333–42.
[86] Eskilsson K, Yaminsky VV. Deposition of monolayers by retraction from solution:
ellipsometric study of cetyltrimethylammonium bromide adsorption at silica–air
and silica–water interfaces. Langmuir 1998;14:2444–50.
[87] Pereira EMA, Petri DFS, Carmona-Ribeiro AM. Adsorption of cationic lipid bilayer
onto ﬂat silicon wafers: effect of ion nature and concentration. J Phys Chem B
2006;110:10070–4.
[88] Wangnerud P, Berling D, Olofsson G. Adsorption of alkyltrimethylammonium bro-
mides on silica—calorimetric study of effect of coions. J Colloid Interface Sci 1995;
169:365–75.
[89] Lajtar L, Narkiewiczmichalek J, RudzinskiW. A new theoretical approach to adsorp-
tion of ionic surfactants at water oxide interfaces—studies of themechanism of cat-
ionic surfactant adsorption. Langmuir 1994;10:3754–64.
[90] Kung KHS, Hayes KF. Fourier-transform infrared spectroscopic study of the adsorp-
tion of cetyltrimethylammonium bromide and cetylpyridinium chloride on silica.
Langmuir 1993;9:263–7.
[91] Singh PK, Adler JJ, Rabinovich YI, Moudgil BM. Investigation of self-assembled sur-
factant structures at the solid–liquid interface using FT-IR/ATR. Langmuir 2001;17:
468–73.
[92] Torres LL, Chauveau M, Hayes PL. Macromolecular structure of
dodecyltrimethylammonium chloride at the silica/water interface studied by sum
frequency generation spectroscopy. J Phys Chem C 2015;119:23917–27.[93] Chen YL, Chen S, Frank C, Israelachvili J. Molecular mechanisms and kinetics during
the self-assembly of surfactant layers. J Colloid Interface Sci 1992;153:244–65.
[94] BriscoeWH, Speranza F, Li PX, Konovalov O, Bouchenoire L, van Stam J, et al. Synchrotron
XRR study of soft nanoﬁlms at the mica–water interface. Soft Matter 2012;8:5055–68.
[95] Meleshyn A. Cetylpyridinium aggregates at the montmorillonite- and muscovite–water
interfaces: a Monte Carlo study of surface charge effect. Langmuir 2009;25:6250–9.
[96••] Johnson RA, Nagarajan R. Modeling self-assembly of surfactants at solid–liquid in-
terfaces. II. Hydrophilic surfaces. Colloids Surf A 2000;167:37–46.
[97] Meleshyn A. Cetylpyridinium chloride at the mica–water interface: incomplete
monolayer and bilayer structures. Langmuir 2009;25:881–90.
[98] Heinz H, Vaia RA, Krishnamoorti R, Farmer BL. Self-assembly of alkylammonium
chains onmontmorillonite: effect of chain length, head group structure, and cation
exchange capacity. Chem Mater 2007;19:59–68.
[99] Heinz H, Castelijns HJ, Suter UW. Structure and phase transitions of alkyl chains on
mica. J Am Chem Soc 2003;125:9500–10.
[100•] Grifﬁn LR, Browning KL, Truscott CL, Clifton LA, Clarke SM. Complete bilayer ad-
sorption of C(16)TAB on the surface of mica using neutron reﬂection. J Phys
Chem B 2015;119:6457–61.
[101] Briscoe WH, Chen M, Dunlop IE, Klein J, Penfold J, Jacobs RMJ. Applying grazing in-
cidence X-ray reﬂectometry (XRR) to characterising nanoﬁlms on mica. J Colloid
Interface Sci 2007;306:459–63.
[102•] Li NN, Thomas RK, Rennie AR. Neutron reﬂectometry of anionic surfactants on sap-
phire: a strong maximum in the adsorption near the critical micelle concentration.
J Colloid Interface Sci 2016;471:81–8.
[103] Zhang T, Xu G, Puckette J, Blum FD. Effect of silica on the structure of
cetyltrimethylammonium bromide. J Phys Chem C 2012;116:11626–34.
[104] SchnieppHC, Saville DA, Aksay IA. Tip-induced orientational order of surfactantmi-
celles on gold. Langmuir 2008;24:626–31.
[105] Evans E, Rawicz W. Entropy-driven tension and bending elasticity in condensed-
ﬂuid membranes. Phys Rev Lett 1990;64:2094–7.
106••] Klein J. Hydration lubrication. Friction 2013;1:1.
[107•] Ma LR, Gaisinskaya-Kipnis A, Kampf N, Klein J. Origins of hydration lubrication. Nat
Commun 2015;6.
[108•] Donose BC, Vakarelski IU, Higashitani K. Silica surfaces lubrication by hydrated cat-
ions adsorption from electrolyte solutions. Langmuir 2005;21:1834–9.
[109] Donose BC, Vakarelski IU, Taran E, ShintoH, Higashitani K. Speciﬁc effects of divalent cat-
ion nitrates on the nanotribology of silica surfaces. Ind Eng Chem Res 2006;45:7035–41.
[110] Khan SH, Matei G, Patil S, Hoffmann PM. Dynamic solidiﬁcation in nanoconﬁned
water ﬁlms. Phys Rev Lett 2010;105.
[111•] Pilkington GA, Briscoe WH. Nanoﬂuids mediating surface forces. Adv Colloid Inter-
face Sci 2012;179:68–84.
[112•] Briscoe WH. Depletion forces between particles immersed in nanoﬂuids. Curr Opin
Colloid Interface 2015;20:46–53.
[113] Hansson PM, Claesson PM, Swerin A, Briscoe WH, Schoelkopf J, Gane PAC, et al.
Frictional forces between hydrophilic and hydrophobic particle coated nanostruc-
tured surfaces. Phys Chem Chem Phys 2013;15:17893–902.
[114•] Quignon B, Pilkington GA, Thormann E, Claesson PM, Ashfold MNR, Mattia D, et al.
Sustained frictional instabilities on nanodomed surfaces: stick slip amplitude coef-
ﬁcient. ACS Nano 2013;7:10850–62.
[115] Pilkington GA, Thormann E, Claesson PM, Fuge GM, Fox OJL, Ashfold MNR, et al.
Amontonian frictional behaviour of nanostructured surfaces. Phys Chem Chem
Phys 2011;13:9318–26.
116••] Dedinaite A. Biomimetic lubrication. Soft Matter 2012;8:273–84.
[117] Muller M, Lee S, Spikes HA, Spencer ND. The inﬂuence of molecular architecture on
the macroscopic lubrication properties of the brush-like co-polyelectrolyte
poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG) adsorbed on oxide surfaces.
Tribol Lett 2003;15:395–405.
[118] Pettersson T, Naderi A, Makuska R, Claesson PM. Lubrication properties of bottle-
brush polyelectrolytes: an AFM study on the effect of side chain and charge density.
Langmuir 2008;24:3336–47.
[119] Liu XY, Thormann E, Dedinaite A, Rutland M, Visnevskij C, Makuska R, et al. Low
friction and high load bearing capacity layers formed by cationic-block-non-ionic
bottle-brush copolymers in aqueous media. Soft Matter 2013;9:5361–71.
[120] Coles JM, Chang DP, Zauscher S. Molecular mechanisms of aqueous boundary lubri-
cation by mucinous glycoproteins. Curr Opin Colloid Interface 2010;15:406–16.
[121•] Seror J, Zhu LY, Goldberg R, Day AJ, Klein J. Supramolecular synergy in the boundary
lubrication of synovial joints. Nat Commun 2015;6.
[122] WangM, Liu C, Thormann E, Dedinaite A. Hyaluronan and phospholipid association
in biolubrication. Biomacromolecules 2013;14:4198–206.
[123] Wang M, Zander T, Liu XY, Liu C, Raj A, Wieland DCF, et al. The effect of tempera-
ture on supported dipalmitoylphosphatidylcholine (DPPC) bilayers: structure and
lubrication performance. J Colloid Interface Sci 2015;445:84–92.
[124] An JX, Dedinaite A, Nilsson A, Holgersson J, Claesson PM. Comparison of a brush-
with-anchor and a train-of-brushes mucin on poly(methyl methacrylate) surfaces:
adsorption, surface forces, and friction. Biomacromolecules 2014;15:1515–25.
[125•] Wieland DCF, Degen P, Zander T, Gayer S, Raj A, An JX, et al. Structure of DPPC-
hyaluronan interfacial layers—effects of molecular weight and ion composition.
Soft Matter 2016;12:729–40.
[126] Zander T, Wieland DCF, Raj A, Wang M, Nowak B, Krywka C, et al. The inﬂuence of
hyaluronan on the structure of a DPPC-bilayer under high pressures. Colloids Surf B
2016;142:230–8.
[127] Jurvelin JS, Muller DJ, WongM, Studer D, Engel A, Hunziker EB. Surface and subsur-
face morphology of bovine humeral articular cartilage as assessed by atomic force
and transmission electron microscopy. J Struct Biol 1996;117:45–54.
